The YycFG two-component system is the only signal transduction system in Bacillus subtilis known to be essential for cell viability. This system is highly conserved in low-G؉C gram-positive bacteria, regulating important processes such as cell wall homeostasis, cell membrane integrity, and cell division. Four other genes, yycHIJK, are organized within the same operon with yycF and yycG in B. subtilis. Recently, it was shown that the product of one of these genes, the YycH protein, regulated the activity of this signal transduction system, whereas no function could be assigned to the other genes. Results presented here show that YycI and YycH proteins interact to control the activity of the YycG kinase. Strains carrying individual in-frame deletion of the yycI and yycH coding sequences were constructed and showed identical phenotypes, namely a 10-fold-elevated expression of the YycF-dependent gene yocH, growth defects, as well as a cell wall defect. Cell wall and growth defects were a direct result of overregulation of the YycF regulon, since a strain overexpressing YycF showed phenotypes similar to those of yycH and yycI deletion strains. Both YycI and YycH proteins are localized outside the cytoplasm and attached to the membrane by an N-terminal transmembrane sequence. Bacterial two-hybrid data showed that the YycH, YycI, and the kinase YycG form a ternary complex. The data suggest that YycH and YycI control the activity of YycG in the periplasm and that this control is crucial in regulating important cellular processes.
Two-component systems (TCS) are commonly utilized for signal transduction in bacteria and archaea and are also found in the form of phosphorelays in lower eukaryotes and plants (14, 27) . Bacillus subtilis expresses over 30 such TCS, only one of which has proven essential for cell viability, the YycFG system (8) . Orthologs of YycFG are found in most low-GϩC gram-positive bacteria, including many important pathogens. The essentiality of this signal transduction system has been shown for most organisms in which it has been studied, including Staphylococcus aureus, Streptococcus pneumoniae, and Enterococcus faecalis (3, 13, 24) . The two proteins have received several different names in different organisms (1, 7, 30) . For clarity, we will refer to these proteins here only as YycF (response regulator) and YycG (histidine kinase). As the most highly conserved in amino acid sequence of the two-component proteins in this group of organisms-with an average conservation of over 70% of YycF response regulator residues-it might be logical to assume that the genes controlled by this system would be similar. Surprisingly however, there is significant variation in the gene regulons for YycF in different bacteria. In general, however, most genes of the regulon are involved in cell wall homeostasis, cell membrane integrity, and cell division processes (6, 10, 15, 28, 31) .
Two distinct subgroups of YycFG systems have recently been defined: one found in the streptococci (class II) and the other in the remainder of the YycFG-expressing organisms (class I) (32, 37) . Three main differences distinguish the two systems. First, in class I both kinase and response regulator are essential, whereas in class II, only the response regulator is essential (although the kinase becomes essential in cells depleted for YycF (30) . Second, class I kinases have an extracellular sensing domain flanked by two transmembrane regions. Conversely, class II kinases have no significant extracellular sensing domain and generally only have one transmembrane domain. The exception is Lactococcus lactis YycG, which has two transmembrane domains connected via a short extracellular loop region, which is much smaller than the extracellular domains found in class I kinases (32) . The third difference is found in the operon structure. In class I systems, three or four genes including yycH and yycI are organized immediately downstream of the kinase within the same operon (8) . These two genes are absent in class II-expressing bacteria (32) . Both YycH and YycI have no homologs in the databases aside from orthologs in the yycFG operons of different organisms. Amino acid conservation of YycH and YycI proteins is quite low, particularly when compared to the high conservation found for YycF and YycG.
In a recent genomewide transposon mutagenesis study, disruption of yycH was identified to cause suppression of a temperature-sensitive yycF mutation (37) . A yycH disruption strain had an elevated YycF-dependent expression profile, as measured through a yocH-lacZ reporter gene. YycF and YycG protein levels remained unchanged in the mutant strain compared to those in the wild type, suggesting that the activity of the YycFG system had been elevated. An extracellular localization of YycH was demonstrated by a PhoA fusion approach, and therefore the most likely explanation for the results was that YycH inhibits the autokinase activity of YycG by either direct interaction with the extracellular sensing domain or by production of a signaling molecule (37) . This idea is consistent with the observation that in class II YycFG-expressing bacteria, the kinase is missing an extracellular sensing domain and the yycH gene is also absent.
We previously reported that disruption of any of the yycH distal genes (yycI, yycJ, and yycK) had no effect on YycFdependent expression (37) . A yycJ homolog is found in every YycFG operon (class I and class II) and is homologous to proteins with a ␤-lactamase fold (38) . YycK is a protease and is not always present, even in class I organisms. For instance, the yyc operon in Enterococcus faecalis does not contain a yycK gene. The yycI gene, on the other hand, always appears in a pair with yycH. Furthermore, the amino acid sequences of YycH and YycI suggest a similar topology, namely an N-terminal transmembrane helix, suggesting that both proteins are localized on the periplasmic face of the cellular membrane.
Here we show that deletion of either yycH or yycI results in identical phenotypes, which are similar to those already observed for the original yycH disruption strain. We present evidence that YycH, YycI, and YycG form a ternary complex as determined via a bacterial two-hybrid system. Taken together, our data strongly suggest that YycI and YycH function together to control the activity of the essential histidine kinase YycG.
MATERIALS AND METHODS
Growth media and conditions. All strains were grown in Luria-Bertani (LB) broth unless otherwise indicated. Medium was supplemented with appropriate antibiotics whenever necessary. The antibiotic concentrations for Escherichia coli strains were 100 g/ml ampicillin, 100 g/ml spectinomycin, or 30 g/ml kanamycin, and for B. subtilis, they were 5 g/ml kanamycin, 0.5 g/ml erythromycin, 12.5 g/ml lincomycin, 5 g/ml chloramphenicol, 10 g/ml tetracycline, and 100 g/ml spectinomycin.
Strain and plasmid construction. All plasmids were cloned in E. coli strain TG1. All B. subtilis strains were derived from strain JH642. Plasmids and strains are listed in Table 1 and Table 2 , respectively. Oligonucleotide sequences and names are listed in Table 3 .
To clone yycF, the gene was amplified from chromosomal DNA by PCR with oligonucleotide primers ON1 and ON2 and ligated with the vector pCR4-TOPO (Invitrogen) according to the manufacturer's recommendations, yielding plasmid pJS07.
A D54H mutation was introduced in the yycF gene by subjecting vector pJS07 to a PCR with inverted mutagenic oligonucleotide primers ON3 and ON4 and also introducing a silent unique BglII restriction site. The PCR product was digested with BglII and ligated, and template DNA was removed by DpnI digestion. The resulting clones were sequenced to confirm the correct mutation, yielding plasmid pJS08.
To create multicopy overexpression vectors, the yycF and yycF(D54H) genes were subcloned into KpnI and HindIII sites of the shuttle vector pHT315S, placing the genes under control of the P spac promoter and yielding plasmids pJS16 and pJS17, respectively. Similarly, yycH (oligonucleotide primers ON05 and ON06), yycH(⌬391-455) (ON05 and ON07), yycI (ON08 and ON09), and yycI(⌬200-280) (ON08 and ON10) were PCR amplified and cloned into pHT315S using SmaI and BamHI sites for yycH, SmaI and PstI sites for yycH(⌬391-455), SacI and BamHI sites for yycI, and SacI and XbaI sites for yycI(⌬200-280) and yielding plasmids pJS18 to pJS21, respectively.
Subcloning the genes, including the P spac promoter, from vectors pJS18 and pJS20 into the thrC integration vector pDG1664 using restriction enzymes EcoRI Bacterial two-hybrid vectors were created for YycG, YycH, and YycI. The respective coding sequences were PCR amplified, introducing 5Ј XbaI and 3Ј BamHI sites utilizing oligonucleotide primers ON27 and ON28 (yycG), ON29 and ON30 (yycH), or ON31 and ON32 (yycI). The resulting DNA fragments were cloned into the same sites of vector pUT18-C, resulting in pJS29, pJS31, and pJS32, and into vector pKT25, resulting in pJS33, pJS35, and pJS36, respectively. pJS29 and pJS33 were subjected to PCR with inverted primers ON33 and ON34, excluding the part of yycG that codes for the cytoplasmic region. The PCR fragments were blunt-end ligated, and template DNA was removed by DpnI digest, resulting in vectors pJS30 and pJS34. All constructs were verified by DNA sequencing. All of these constructs expressed the respective genes or gene fragments fused C terminally to the Bordetella pertussis adenylate cyclase gene fragment T18 or T25 (23) .
Construction of markerless in-frame deletion strains. Markerless in-frame yycH, yycI, and yycJ deletion strains were constructed adopting the Bacillus anthracis method of Janes and Stibitz with slight modifications (19) . This method utilizes the Saccharomyces cerevisiae endonuclease I-SceI, which has an 18-bp recognition sequence (29) . Briefly, in a first step, an I-SceI restriction site is introduced in the chromosome along with the desired in-frame deletion by single-crossover recombination of a suicide vector. In a second step, a plasmid expressing the human endonuclease I-SceI is introduced, resulting in a doublestranded break in the DNA, which is repaired by homologous recombination, resulting in either a markerless deletion or wild-type strain (Fig. 1) .
The suicide vector pJM103 was modified to include an I-SceI site distant from the multiple cloning site (M. Perego, unpublished). Two complementary oligonucleotide primers, ON13 and ON14, with BglII-compatible 5Ј overhangs were designed and annealed. The vector pJM103 was digested with the restriction enzyme BglII. The annealed oligonucleotides were ligated with BglII-digested pJM103, yielding pJM103-I-SceI. The final vector was confirmed by I-SceI digestion as well as by sequencing.
In three separate PCRs, the yycH, yycI, and yycJ genes including about 500 bp of upstream and downstream regions were amplified using oligonucleotide primers ON15 and ON16 for yycH, ON19 and ON20 for yycI, and ON23 and ON24 for yycJ. The PCR fragments were ligated in the vector pCR4-TOPO (Invitrogen), yielding plasmids pJS09, pJS11, and pJS13, respectively.
The yycH, yycI, and yycJ genes were deleted in frame from these vectors by PCR amplification of the vectors and flanking regions, excluding genes subjected for deletion using ON17 and ON18 for yycH, ON21 and ON22 for yycI, and ON25 and ON26 for yycJ. The PCR fragments were digested with MscI (yycH) or EcoRV (yycI and yycJ) and ligated to yield plasmids pJS10, pJS12, and pJS14. The deletion constructs were subcloned into pJM103-I-SceI using restriction enzymes SalI and SmaI for ⌬yycH and PstI and SalI for ⌬yycI or ⌬yycJ and yielding vectors pJS25, pJS26, and pJS27, respectively. A yycHI double-deletion plasmid was constructed by exchanging the yycH downstream region in pJS25 with the yycI downstream region from vector pJS26, utilizing SphI and MscI sites for pJS25 and EcoRV and SphI sites for pJS26, resulting in plasmid pJS28.
Vectors pJS25, pJS26, pJS27, and pJS28 were transformed into B. subtilis strain JH25001, selecting for Cm r . The resulting strains were transformed with the I-SceIexpressing plasmid pBKJ223, selecting for Tet r . One colony was streaked twice over LB broth containing tetracycline but lacking chloramphenicol. Single colonies were screened for a Cm s phenotype indicating that a DNA double-stranded break followed by a homologous recombination event had occurred. Cm s colonies were subjected to diagnostic PCR to identify a correct homologous recombination event resulting in deletion of yycH, yycI, yycJ, or yycHI in the respective strains. Roughly 50% of all colonies contained the correct deletion, whereas the rest were wild type, as expected for this technique. Finally, strains were cured for the pBKJ223 plasmid by serial transfer in LB broth in the absence of tetracycline, followed by screening for a Tet s phenotype. This procedure yielded the ⌬yycH 
a Introduced restriction sites are in boldface, and mutated amino acid codons are underlined.
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strain JH25021, the ⌬yycI strain JH25022, the ⌬yycJ strain JH25029, and the ⌬yycHI double-deletion strain JH25031.
To complement the ⌬yycH and ⌬yycI strains, either pDG1664 or its derivatives pJS22 and pJS23 were linearized by AatII digestion and transformed into strains JH25021 and JH25022 selecting for Ery r /Linc r . Correct double-crossover integration into the thrC locus was confirmed by screening for threonine auxotrophy and an Spc S phenotype. This procedure yielded strains JH25023 to JH25028. In addition, the wild-type strain JH25001 was transformed with empty pDG1664 vector to generate a control strain with an isogenic background, JH25020.
A complementing yycJ expression vector could not be generated, probably due to toxicity of the gene product. Therefore a second yycJ deletion strain was constructed which replaced the yycJ gene with an Spc r marker. This strain was generated by excising the Spc r gene from the plasmid pJM134 via an EcoRV digest and subcloning this DNA fragment into the EcoRV site of the vector with yycJ deleted, pJS14. This vector was linearized with SphI to prevent singlecrossover recombination and transformed into B. subtilis strain JH25001, selecting for Spc r . Colonies were PCR screened for correct double-crossover insertion of the Spc r marker, replacing the yycJ gene and resulting in strain JH25030. Unlike the in-frame deletion constructs, this deletion is transferable; utilizing the Spc r gene, however, might have a polar effect on the expression of the downstream yycK protease gene.
␤-Galactosidase assay. To analyze time-dependent lacZ expression profiles, cultures were grown in LB broth and ␤-galactosidase activity was determined as described previously (9) .
Bacterial two-hybrid assay. The bacterial two-hybrid assay was performed essentially as described previously (21, 22) . To probe for interaction between YycG, YycH, and YycI, all combinations of pUT18-C-derived plasmids and pKT25-derived plasmids were cotransformed into the adenylate cyclase-deficient E. coli strain BTH101. Transformants were plated on LB broth containing 30 g/ml kanamycin, 100 g/ml ampicillin, and 40 g/ml 5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside. Individual colonies were scored for a Lac ϩ (blue colonies) or Lac Ϫ (white colonies) phenotype. A Lac ϩ phenotype indicates complementation of adenylate cyclase activity and therefore interaction between the proteins under investigation. To quantify the strength of interaction, ␤-galactosidase specific activity of overnight cultures derived from individual colonies was determined and calculated according to Miller (26) .
Analysis of cell wall defects. Cell wall defects as evidenced by enhanced susceptibility to sodium dodecyl sulfate (SDS)-induced lysis were detected as previously described (37) . Briefly, strains were grown at 37°C until early stationary phase. Cells were collected by centrifugation and washed and diluted to an A 525 of 1.0. Suspensions were treated with SDS following 30 min of incubation with or without lysozyme. The suspensions or solutions were subjected to SDSpolyacrylamide gel electrophoresis followed by Coomassie staining. Detectable levels of cytoplasmic proteins for samples not treated with lysozyme were interpreted as a direct result of a cell wall defect.
Immunoblot analysis. YycF and YycG were detected immunologically as described previously (37) .
RESULTS
Deletion of either yycH or yycI causes overexpression of the YycFG-dependent gene yocH. We previously reported that disruption of yycH but not yycI caused a 10-fold elevation of transcription of the YycF-dependent gene yocH (37) . This interpretation was based on strains that had yycH and yycI disrupted by integrative vector single-crossover recombination. A similar yycH disruption strain utilizing a pMUTIN derivative, designed to prevent any polarity effects on expression of downstream genes, gave identical results (37) . The recent development of a method to generate markerless deletions in Bacillus anthracis (19) allowed us to construct markerless plasmidless in-frame deletions of yycH, yycI, and yycJ in B. subtilis and retest their effects.
The background strain for these deletions carried the YycFdependent yocH-lacZ reporter gene in single copy at the amyE locus. YycF-dependent yocH expression levels were determined in a liquid assay measuring ␤-galactosidase activity. The markerless deletions of yycH and yycI were designed to delete all but the first 15 amino acids and the last 10 amino acids to ensure a ribosome binding site for the deletion distal gene. Both yycH and yycI deletion strains showed identical expression profiles, namely up to 10-fold overexpression of yocH. Furthermore, both strains entered stationary phase early, reaching only about 50% of the cell density of the wild-type strain (Fig. 2) . These results are identical to those obtained for the original yycH disruption strain, JH25002, but not the original yycI disruption strain, JH25003, which did not show any change in YycF-dependent expression (37) . Further experiments were undertaken to resolve the differences in results using different methods.
yycI and yycH deletions cannot be cross-complemented. The first experiments were designed to determine if both YycH and (19) . This method involves single-crossover integration of a suicide plasmid featuring chromosomal regions flanking the gene to be deleted (ϳ500 bp each site) and an I-SceI site. The Cm r pJM103 integrative plasmid was modified by introducing an I-SceI site (M. Perego, unpublished). Following singlecrossover integration (shown here for yycH) and selection for Cm r , the I-SceI gene was expressed from a second plasmid pBKJ223 conferring Tet r . This introduced a DNA double-stranded break, which was repaired by homologous crossover recombination resulting in Cm s strains. Roughly 50% of all Cm s transformants contained the correct deletion, whereas the other 50% are wild type. Deletion strains were identified by colony PCR. The pBKJ223 plasmid was lost by repeated growth without antibiotic selection in liquid media. 
Downloaded from
YycI proteins were necessary for normal activity of the YycFG two-component system. In order to investigate the reason for the identical phenotypes observed in the yycH and yycI deletion strains, we carried out a complementation assay. The yycH and yycI genes were cloned in the thrC integration vector pDG1664 under control of the constitutive P spac promoter. The respective constructs were transformed in the yycH and yycI deletion strains. Expression of yycH but not yycI in single copy from the thrC locus in the yycH deletion strain resulted in full complementation of the growth defect, and YycF-dependent expression was restored to the wild-type level ( Fig. 3A and B) . Similarly, expression of yycI but not yycH from the thrC locus in the yycI deletion strain resulted in full complementation of both phenotypes ( Fig. 3C and D) . The yycH and yycI genes were also expressed from the multicopy plasmid pHT315 under control of the identical constitutive P spac promoter. Again, deletion strains could be fully complemented with their homologous gene, whereas no cross-complementation was observed (not shown). These results demonstrate that both YycH and YycI are involved in regulating the activity of the YycFG system. Since the yocH expression patterns were identical in both deletion strains, the results suggested that YycH and YycI either constitute a pathway or act independently but equally to regulate YycF-dependent expression. Both proteins are essential for this function since overexpression of yycH does not enable cross-complementation of the yycI deletion strain and overexpression of yycI does not cross-complement the yycH deletion strain.
In order to determine whether YycH and YycI functioned together on the same pathway or independently of each other, we constructed a yycHI double-deletion strain, JH25031. We argued that if the yycH and yycI deletion phenotypes were additive, the two gene products could be functioning independently, whereas if the phenotype for the strain with both genes deleted mimicked the phenotype seen for strains with individual deletions, the two proteins likely constitute a pathway or function as a protein complex. Indeed, the double-deletion strain JH25031 showed a growth defect and yocH expression pattern identical to those of the individual deletion strains (data not shown). We concluded that YycH and YycI are likely to be acting together to regulate the YycFG system. yycH and yycI deletions cause a cell wall defect. The original yycH disruption strain showed susceptibility to SDS-induced lysis compared to a wild-type strain, which is resistant to SDSinduced lysis and only lyses in the presence of SDS following a lysozyme treatment (37) . The yycH disruption strain phenotype was interpreted as a cell wall defect. To investigate whether the yycH and yycI deletion strains had a similar cell wall defect, they were subjected to SDS treatment in the presence or absence of lysozyme (Fig. 4) . As expected, both strains lysed, whether or not they were treated with lysozyme. Expression of yycH from the thrC locus complemented the phenotype of the yycH strain; similarly, expression of yycI complemented the yycI strain (Fig. 4) . No cross-complementation could be observed (data not shown). Therefore, deletion of either yycI or yycH causes a cell wall defect.
To investigate the nature of the cell wall defect further, we subjected the wild-type strains and the yycH and yycI deletion strains to electron microscopy analysis. If the nature of the cell wall defect was a thinner cell wall, it would be apparent in an electron micrograph, whereas if no effect was seen, the cross- 
FIG. 3. Complementation studies in yycH and yycI deletion strains.
To determine whether the ⌬yycH and ⌬yycI strains would be complemented by expressing the respective genes from elsewhere in the chromosome, strains containing either yycH or yycI or empty pDG1664 vector integrated in the thrC locus were grown in LB broth. Shown are (A) growth curves and (B) ␤-galactosidase specific activity in Miller units of JH25020, a wild-type strain harboring pDG1664 vector in the thrC locus (diamonds), and ⌬yycH strains JH25023 through JH25025 harboring either pDG1664 (squares), pDG1664-yycH (triangles), or pDG1664-yycI (circles) in the thrC locus, respectively. Also shown are (C) growth curves and (D) ␤-galactosidase specific activity in Miller units of wild-type strain JH25020 harboring pDG1664 vector in the thrC locus (diamonds) or ⌬yycI strains JH25026 through JH25028 harboring either pDG1664 (squares), pDG1664-yycH (circles), or pDG1664-yycI (triangles) in the thrC locus, respectively. linking rate or the chemical composition of the cell wall must have changed. Electron micrographic analysis of individual cells did not reveal a thinner cell wall for the yycH and yycI deletion strains compared to the wild-type strain, suggesting that the latter hypothesis is likely the case (data not shown).
Overexpression of yycF and deletion of yycH or yycI produce similar phenotypes. We designed experiments to examine whether deletion of yycH and yycI caused growth and cell wall defects (i) because of overexpression of the YycF regulon or (ii) because YycH and YycI were directly involved in these phenotypes. Multicopy plasmids for both yycF and a previously reported constitutively active yycF(D54H) phosphorylation point mutant (10) were constructed. The strains were subjected to an immunoblot analysis to ensure that YycF was indeed overexpressed (Fig. 5A) . Overexpression of wild-type YycF caused a yocH expression profile similar to that seen for yycH and yycI deletion mutants (Fig. 5) . Additionally, both cell wall (Fig. 4) and growth (Fig. 5 ) defects were apparent in the overexpression strains. Therefore, all observed phenotypes in the deletion strains are likely caused by overexpression of the YycF regulon, and therefore the main function for YycH and YycI would seem to be to regulate the activity of this essential TCS.
Despite a similar yocH expression profile, the growth defect for the wild-type YycF overexpression strain was more severe than that for the ⌬yycH strain, indicating that this overexpression does not merely mirror enhanced phosphorylation of YycF but has other effects. Interestingly, overexpression of the previously reported YycF(D54H) mutant protein affected growth in LB medium even more severely than overexpression of wild-type yycF, yet YycF-dependent expression was only marginally elevated (not shown). This suggests that this mutant not only mimics phosphorylation of YycF but also interferes with other, unknown, processes in the cell.
Deletion of yycH or yycI has no effect on YycFG protein levels. YycF and YycG protein levels in the original yycH disruption strain JH25002 remained unchanged compared to those of a wild-type strain, indicating that the activity rather than the expression level of the YycFG two-component system must have been altered (37) . To verify that the yycH and yycI deletion strains generated in this study also had unaltered YycF and YycG protein levels, these proteins were visualized immunologically at different times throughout growth. As expected, protein levels remained unchanged, similarly to the original disruption strain, and this confirmed that YycFG activity rather than expression was altered (data not shown).
YycG, YycH, and YycI interact in a two-hybrid assay. Given the fact that YycF and YycG protein levels did not change in the yycH and yycI deletion strains, phenotypes of these strains were likely due to overactivity of the YycFG two-component signaling system. YycH was demonstrated in a phoA fusion approach to face the periplasmic space. YycI had a similar topology and also faced the periplasmic space addressed in the same way (not shown). Furthermore, immunodetection utilizing anti-YycH or anti-YycI antibodies detected full-length proteins in the membrane fraction. YycH or YycI proteins were not found in the medium fraction or the soluble fraction (data not shown). Therefore, both proteins are periplasmic proteins tethered to the membrane via a single N-terminal transmembrane helix. Since YycH and YycI are physically separated from the cytoplasm, and hence the YycF response regulator, we argue that the most likely target for YycH and YycI is the periplasmic sensing domain of the YycG kinase and/or the transmembrane helices. Generation of a signaling molecule by YycH and YycI or a direct interaction with the kinase YycG could achieve this regulation.
To investigate whether YycH and YycI are capable of interacting with YycG and with each other, we used a bacterial two-hybrid system developed by Ladant and colleagues (21) . This system has been successfully applied to the study of interacting transmembrane proteins (20) . It relies on the B. pertussis adenylate cyclase enzyme that is inactive when its two However, when interacting proteins are fused to the individual adenylate cyclase domains, activity is reconstituted. False positives are rare in this assay and can be eliminated through suitable controls (22) . Adenylate cyclase activity was measured indirectly in an adenylate cyclase deletion E. coli strain, BTH101, by measuring ␤-galactosidase expressed from the lacZ gene under control of the catabolite activator protein CAP, which is activated by cyclic AMP, the product of adenylate cyclase reaction (for review, see reference 11).
In the first experiments, full-length yycG, yycH, and yycI gene constructs were produced in both T18 and T25 plasmids and coexpressed in E. coli BTH101 (Fig. 6A) . Coexpression of T18-yycG, T18-yycH, or T18-yycI constructs with unfused T25 did not result in activity above T18/T25 coexpression background levels. Similarly, coexpression of unfused T18 with T25-yycG, T25-yycH, or T25-yycI did not result in ␤-galactosidase activity above the control background level. Coexpression of all fusion constructs did, however, result in ␤-galactosidase activity at least sixfold over background (Fig. 6A) . Remarkably, both possible combinations for each hetero-interaction rendered very similar activities. We found that all three proteins were capable of forming homo-dimers with a strong interaction found for histidine kinase YycG protomers as expected. A strong response was found for the interaction between YycH and YycI in both possible hybrid construct combinations, suggesting that YycH and YycI form a tight complex. Most importantly, both proteins individually were also capable of interacting with the YycG kinase. The data suggest that YycG, YycH, and YycI form a ternary complex. Therefore, a likely function of YycH and YycI is that of a signal sensor capable of modulating YycG activity through direct interaction.
The periplasmic domain of YycG is sufficient for YycH and YycI interaction. Our data thus far support the notion that YycH and YycI are facing the periplasmic space, and therefore interaction with the YycG kinase would have to be stabilized either through interaction of the periplasmic domains of these proteins with the periplasmic sensing domain of YycG or through transmembrane interaction. If this is true, we would expect a YycG kinase construct, truncated for its C-terminal cytoplasmic domain, to still be able to interact with YycH and YycI in the bacterial two-hybrid assay. To test this possibility, we constructed both T18-YycG and T25-YycG truncation fusions (coding for amino acids 1 to 210). Coexpression of these constructs with the appropriate unfused fragments resulted in ␤-galactosidase activity similar to background. Coexpression of the two truncated YycG fusion constructs resulted in dimerization of similar strength to full-length YycG, suggesting that a stable homodimer was still formed. Interaction with both YycH and YycI was even stronger than with full-length YycG (Fig. 6B ). This could be either due to a change in conformation of the truncated YycG protein or due to reduced toxicity of this construct in E. coli. We conclude that the N-terminal sensing and transmembrane domains of YycG are sufficient for interaction with YycH and YycI, indirectly confirming the periplasmic localization of the proteins under investigation. These interpretations are consistent with PhoA fusions to YycH and YycI indicating a periplasmic location (37; data not shown).
Deletion of yycJ results in altered colony morphology and occurrence of sporulation-deficient colonies at a high frequency. An in-frame deletion mutant of yycJ, coding for a protein in the ␤-lactamase fold family and ubiquitously found in all Yyc operons, did not have any effect on YycF-dependent yocH-lacZ expression, consistent with a previously constructed yycJ disruption strain (37) . We did however observe two peculiar phenotypes for the yycJ deletion strain JH25029. First, the colony morphology for the yycJ strain changed significantly compared to the wild type. Whereas a wild-type B. subtilis colony shows a relatively round shape when streaked on an LB or SM plate, yycJ colonies consistently showed a riffled edge and no clear shape ( Fig. 7A and B) . Furthermore, when streaked on a Schaeffer sporulation plate (SM), about 2% of colonies showed a sporulation-deficient phenotype, as evidenced by transparent colonies and microscopic analysis of cells derived from these colonies (Fig. 7C and D) .
Since the yycJ deletion strain was created on LB medium, where colony phenotype is not easily discernible, it was not clear whether Spo Ϫ or Spo ϩ colonies constituted the original phenotype. To investigate this, a second yycJ deletion strain, JH25030, was constructed in which the yycJ gene was replaced with an Spc r marker. It should be noted that this strain could potentially have a polarity effect on the expression of the down- stream yycK protease gene. Spc r colonies obtained upon transformation of the wild-type strain were plated on SM agar. The large majority of colonies showed a Spo ϩ phenotype, suggesting that the initial yycJ-inactive strain is capable of sporulation. However, Spo Ϫ colonies were observed at a rate of roughly 2%. Furthermore, at least two different sporulation-defective colonies were observed: one that immediately segregated Spo ϩ colonies and one that appeared stable as Spo Ϫ (Fig. 7) . To identify whether the stable Spo Ϫ phenotype was linked to the Spc r marker and therefore in close proximity on the genome to yycJ, chromosomal DNAs of both a Spo ϩ colony and a Spo Ϫ colony were backcrossed into a wild-type strain and plated on SM medium. Essentially all transformants from both were Spo ϩ . Spo Ϫ colonies were observed at about 2%, suggesting that the Spo Ϫ mutation is not linked to the yyc operon. We conclude that deletion of yycJ has no effect on YycFG activity; however, the deletion does have an effect on colony morphology and induces an additional mutation resulting in Spo Ϫ colonies.
DISCUSSION
The present evidence indicates that YycH and YycI are two membrane-bound periplasmically located proteins that form a ternary complex with the essential YycG histidine kinase. Deletion of either yycH or yycI caused greatly elevated expression of the YycFG-dependent gene yocH, while protein levels of YycG and YycF remained unchanged. Phenotypes of the deletion strains-namely an increased susceptibility to SDS-induced lysis as well as a growth defect-matched those observed for a yycF overexpression strain and are consistent with a role for YycFG in regulating cell wall metabolism and cell divisional processes. The matching phenotypes also indicate that the entire YycF regulon is deregulated in the yycH and yycI deletion strains. Given the interaction with the YycG kinase and the physical separation of YycH and YycI from YycF by the cell membrane, the simplest conclusion for our results is that YycH and YycI regulate the activity of the YycG kinase, as previously suggested for YycH only (37) .
At this point, we can only speculate as to the precise biochemical function of the YycH and YycI proteins. Crystal structures presented in the accompanying article demonstrate that these two proteins arose from gene duplication, as evidenced by a shared unique protein fold (34) . A current absence of similar structures in the databases implies an unusual function. The inability to identify an active site and the low conservation of these proteins among different organisms suggest a role in protein interaction rather than an enzymatic activity. The bacterial two-hybrid system revealed that YycH and YycI interact strongly with each other and also interact with the YycG kinase. These results suggest that these proteins may exist as a ternary complex held together by interaction of either their periplasmic domains, their transmembrane helices, or both. Since all phenotypes associated with deletion of yycH and yycI can be explained by an overactive YycFG system, it appears that a sensing mechanism and regulation of the YycG kinase activity may be the main function for YycH and YycI.
Essential operons in B. subtilis such as the ftsAZ and tagD/ tagA operons have been demonstrated to contain a YycF binding site in their promoter region (15, 16) . Other genes regulated by YycF such as yocH and ykvT have a likely role in cell wall metabolism (10) . Several genes with similar functions contain putative YycF binding sites in their promoter regions. The essential nature of the YycFG system underscores the importance of the multiplicity of genes under YycF expression control. Our results on yycH and yycI deletion strains-which could have the entire regulon misregulated-demonstrate the importance of keeping the expression of the regulon within certain limits. Therefore, the YycFG system seems to be a leading contributor to maintaining cell wall homeostasis.
Numerous two-component sensing systems regulate genes involved in the utilization and metabolism of specific nutrients (e.g., CitST) (25) . The signals sensed by these systems are of course these nutrients, a concept easily understood. On the contrary, the signals sensed by the essential YycFG two-component system are not as obvious. While it is possible that some environmental signals might alter the activity of this sensing system, it seems more likely that cellular signals are being sensed to allow for adjustments in expression levels of the regulon. Given the role of YycFG in regulating genes for divisional processes (i.e., ftsZ) and for cell wall homeostasis, it is likely that the periplasmic domains of this TCS are transmitting signals that derive from the cell wall, cell membrane, or specific cellular systems located at these positions. These could be small compounds such as cell wall metabolites or other proteins. In any case, the periplasmic ternary complex of YycG, YycH, and YycI may allow for the integration of multiple signals.
Despite the high conservation of the YycFG system among FIG. 7 . Colony phenotypes of the ⌬yycJ strain. Shown are pictures of a representative colony of (A) wild-type strain JH25001 as well as three different colonies from the ⌬yycJ strain JH25030. (B)The predominant form of ⌬yycJ colonies is able to sporulate and is opaque but erose on SM medium. Two different forms of sporulation-deficient ⌬yycJ colonies evidenced by a more transparent colony appearance were also observed: (C) (32, 37) . YycH and YycI as well as the periplasmic domain of YycG are absent in these bacteria. Therefore, only intramembrane or cytoplasmic signals may be sensed in the streptococci. In addition, current knowledge suggests significant differences in the regulon. Despite the sequence conservation, it remains to be seen how similar the role of the YycFG system is in these distinct groups of Firmicutes. The YycFG system-given its conservation and essentiality-serves a special role in the low-GϩC gram positives. B. subtilis and many other Firmicutes express two phylogenetically closely related sensing systems: the PhoPR system and the ResDE system. The PhoPR system is important under phosphate limitation conditions, whereas the ResDE system is essential in the absence of glucose as a carbon source (17, 36) . Several investigators have demonstrated interconnections of processes regulated by this triad of sensing systems. For instance, the ResDE system contributes significantly to the phosphate limitation response indirectly by controlling the redox state of the quinone pool (35) . Devine and colleagues showed apparent cross phosphorylation between the PhoR histidine kinase and the YycF response regulator (16) . On a transcriptional level, expression of the phoPR operon is under direct YycF control and expression of the resDE operon is under direct PhoP control (2, 16) . The interconnection of these sensing systems is now further complicated by the fact that additional input proteins, YycH and YycI, regulate the YycFG system.
The function of the YycJ protein whose gene is found adjacent to all YycFG TCS remains unknown. It was suggested to have a role in regulating YycG in YycF-depleted S. pneumoniae (30) , but in B. subtilis, we have not found conditions that indicate a similar role. The YycJ protein is clearly a member of the ␤-lactamase fold family of proteins,which includes many proteases. This may be its function as yycJ with a promoter cannot be cloned in E. coli despite many attempts. Equally mysterious is accumulation of Spo Ϫ segregants in a strain with yycJ deleted.
